A highly strained BiFeO3 (BFO) thin film is transformed between phases with distinct structures and properties by nanosecond-duration applied electric field pulses. Time-resolved synchrotron x-ray microdiffraction shows that the steady-state transformation between phases is accompanied by a dynamical component that is reversed upon the removal of the field. Steady 
Introduction
The functional response of materials to external fields can be dramatically enhanced by exploiting the sensitivity to small perturbations at magnetic, structural, and electronic phase transitions. [1] In the case of complex oxides, enhanced piezoelectricity and magnetoresistance have resulted from the discovery of materials that are near structural or magnetic phase boundaries. [2, 3] Typically, adjusting the composition of a material is what places it near a phase transition, as is the case for colossal magnetoresistive oxides and relaxor ferroelectrics. [2, 3] The multiferroic complex oxide BiFeO3 (BFO), can however be driven into the vicinity of a phase boundary by varying the degree of strain imparted in a BFO thin film layer through the elastic constraint that heteroepitaxy imposes. [4] At this boundary there is a complex coexistence of structural phases that can be alternatively described using monoclinic or triclinic symmetries. [5] [6] [7] The transformation of BFO from rhombohedral-like to tetragonal-like symmetry at the phase boundary can be driven by an applied electric field and is accompanied by a very large lattice expansion along the out-of-plane direction in thin film samples. [8] The effective piezoelectric expansion due to the structural phase transformation reaches several percent. [8] Piezoelectric strain-electric field hysteresis loop studies show that electric fields with either sign can induce the transformation into the tetragonal-like phase. [8] Effects associated with polarization imprint can make the thresholds for the transformation asymmetric with respect to the applied field, such that fields with a magnitude on the order of +/-1.50 MV cm -1 can drive a compressively strained BFO film into the tetragonal-like phase after a positive pulse and back to the rhombohedral-like phase after a negative pulse. [7] The extent of this transformation depends on the magnitude, duration, and sign of the applied field. The dynamics of the transformation, its structural mechanism, and its reproducibility after large numbers of repeated field pulses have remained unclear.
Here we show that the electric-field-induced structural transformation can occur on nanosecond timescales limited, in this case, only by the charging time constant of the thin film capacitor. Synchrotron x-ray diffraction studies show that the film transforms between phases within nanoseconds and that there are components of the transformation that are reversed when the applied field is removed. The transient transformation is reproducible over the course of more than 10 8 repetitions of the applied electric field pulses. Free-energy density functional theory (DFT) calculations accurately predict the structural mechanism of the transition. Taken together, these results promise to enable nanosecond-scale control of the crystallographic phase of materials, and hence functional properties, using applied electric fields.
Experiment
Time-resolved x-ray diffraction measurements were performed at station BL13XU of the SPring-8 synchrotron light source, using x-rays with photon energy of 12.4 keV focused to a 2 m full width at half maximum spot on the sample using a Si refractive lens. [9] Diffracted x-rays were detected with a gated two-dimensional pixel array detector (Pilatus 100K, Dectris Ltd.)
synchronized to the applied voltage pulses to enable time-resolved measurements of the response of the BFO film to an applied electric field. [10] An epitaxial BFO film with a thickness of 70 nm was deposited at a temperature of 700 C and pressure of 100 mTorr onto a LaNiO3 (LNO) bottom electrode on an LaAlO3 (LAO) substrate. Gold top electrodes with 55 µm diameter were deposited on the BFO surface through a shadow mask to form thin-film capacitors with a capacitance of 9 pF. The LNO bottom electrode had a sheet resistance of 3.3 k, which is approximately the resistance associated with charging the BFO thin film capacitors, thus yielding charging time constants of 30 ns. Voltage pulses were applied across the thin film capacitors using a probe tip contacting the top electrode, with the bottom electrode grounded. Voltage pulses had either square or triangular waveforms with positive or negative magnitudes of up to 15 V (nominally 2.14 MV cm -1 ), and durations of either 500 ns or 1 µs. The voltage pulses applied to the thin film capacitor were synchronized to x-ray pulses from specific electron bunches in the SPring-8 storage ring. [10] This experimental arrangement is illustrated in Figure 1(a) . A delay generator was used to vary the time between the application of an electric pulse and the arrival of x-rays from one electron bunch, allowing time-resolved measurements of the response of the film to the electric field to be assembled over the course of a series of several million voltage pulses.
In bulk, BFO is a ferroelectric and antiferromagnetic multiferroic with rhombohedral symmetry. The comparison of the structure of BFO with other perovskites is often simplified by describing BFO using a pseudocubic notation in which the pseudocubic lattice parameter is 3.964 Å and the ferroelectric remnant polarization is along the [1 1 1] direction. [11, 12] The elastic constraint imposed by the substrate causes BFO thin films to take on a variety of phases depending on the substrate-BFO lattice mismatch and on plastic relaxation phenomena, which in turn depend on the thickness of the BFO layer. [6, 1314] Multiple structural phases based on distortions of the cubic perovskite unit cell can compete or coexist in highly compressively strained BFO thin films. [6, 7, 15] The crystallographic symmetry of these phases has been challenging to describe because of the combination of elastic and phase dependent contributions to the structure observed in diffraction experiments. A brief summary of the notation used in other recent studies is given in the supplementary materials. The key distinction, despite this diversity in the notation in the discussion of the phase transformation, is the R-like and tilted-T-like phases each to have multiple orientations, producing eight variants each. [13] The BFO reflections in Fig. 1(b) thus consist of a single T-like phase reflection, eight tilted-T-like reflections, and a ring of eight R-like reflections centered at a value of the crystallographic index L between the reflections of the T-like phase and the LAO substrate. The reciprocal-space location of the distorted R phase derived from the bulk BFO structure is not shown in Fig. 1(b) . Diffracted intensity arising from the T-like, R-like, and tilted-T-like phases, and from diffuse scattering near the LAO substrate is visible in the steady-state diffraction pattern shown in Figure 1 (c). The angular width of x-ray reflections of the BFO layer due to mosaic tilt is sufficiently wide that intensity corresponding to several phases is observed on individual diffraction patterns acquired at a fixed incident angle. Here we focus in detail on the transformation between the R-like and T-like phases.
Steady-State Structural Transformation
The transformation between R-like and T-like phases has been previously induced using electric field pulses provided by scanning probe tips, which results in a steady-state transformation that persists when the applied field is removed. [8] Here we show using synchrotron x-ray diffraction measurements that a similar transformation can also be driven by fields provided using planar thin-film electrodes. The transformation between steady-state configurations that are stable in zero-applied field can be produced using transient electric-field pulses or series of pulses with durations and magnitudes compatible with practical concerns including leakage currents and the finite electrical bandwidth of ferroelectric capacitor structures.
As we discuss further below, the transformation in turn depends on strain developed in the piezoelectric expansion of each phase along the surface normal direction. The piezoelectricity of each phase results in a lattice expansion accompanied by a shift in the Bragg angle of x-ray reflections that can be probed using time-resolved x-ray diffraction. The piezoelectric shift is most apparent for the sharp x-ray reflections of the T-like phase, as illustrated in Figure 1 Previous studies have shown that under elastic conditions in which the BFO layer is grown in the R phase, applied electric fields yield a piezoelectric distortion with a piezoelectric coefficient of 50 pm/V at low fields. [16] The lower piezoelectric coefficient observed here for the T-like phase in comparison with the R phase may arise from a low intrinsic piezoelectric coefficient of the T-like phase consistent with its very large zero-field c/a ratio. Piezoelectric force microscopy (PFM) studies also report smaller piezoelectric coefficients in the T-like phase than in the R phase. [8] The transformation between phases results in the redistribution of x-ray intensity in the diffraction patterns of the BFO thin film. The fraction of the film transformed between R-like and T-like phases can be estimated using the change in the intensity of the x-ray reflections. We make two assumptions in order to simplify this estimation. First, we note that angular range of Figure 2 like phase provides 55% of the total reflected intensity of the BFO film in the initial state, increases to 72% after the positive pulses, and returns to 52% after the negative pulses. The scattering factors of the R-like and T-like phases were estimated using atomic positions from the DFT calculations, which show that the scattering factor of the R-like phase is 24% larger than that of the T-like phase. A given number of unit cells in the R-like phase thus diffract with an intensity that is larger by a factor of 1.54 than the same number of atoms in the T-like phase. With these differences in structure factor taken into account, the initial population in the T-like phase is 65%. Nominally, large applied voltages of either sign would favor the transformation to the T-like state.
We hypothesize that the asymmetry between positive and negative voltage pulses arises from effects due to imprint, similar to what has been previously observed in PFM studies. [6] Voltage pulses of alternating sign result in the redistribution of the structure of the BFO film among the eight structural variants of the R-like phase, thus indicating that the reverse transformation favors particular R-like variants. As has been previously observed in PFM studies, symmetry breaking resulting from the combination of the direction of the electric field and builtin stresses can result in the selection of a particular variant. [17] X-ray reflections from the R-like phase can be denoted by their appearance at relatively high or low values of the x-ray incident angle , and their location at the right or left side of detector images of diffraction patterns. The R-like (left, low ) and R-like (right, high ) reflections exhibit a permanent decrease in intensity after completing a cycle of positive and negative pulses. The R-like (left, high ) and R-like (right, low ) reflections exhibit a full recovery or increase in intensity after a cycle of positive and negative voltage pulses. This redistribution of intensity within the family of the R-like reflection is indicative of the more favorable selection of one of the structural variants upon the reverse of the phase transition, an effect can arise from elastic constraints imposed on the different domains within the film by epitaxy. Domain patterns for rhombohedral ferroelectrics, for example, are modified by the elastic constraints. [18] The elastic symmetry between R-like variants can easily be modified by a small degree of plastic relaxation during epitaxial growth. [19] 
Computational Study of Phase Transformation
While the x-ray diffraction experiments reveal the symmetries of the phases that transform under application of the electric field, understanding the details of this transformation and its energetics requires atomistic simulation of the electronic structure of each BFO phase under comparable strain conditions. To this end, the free energies of BFO layers with different crystallographic symmetries were computationally compared under elastic conditions matching the experiments using DFT [20, 21] calculations. The R-like and T-like phases were modeled using the monoclinic Cc and Cm space groups, respectively. The true tetragonal T phase is modeled using P4mm space group. The R-like phase has both in-plane and out-of-plane polarization components whereas, in the T phase, the in-plane polarization is zero. [22, 23] The insets of Fig. 4 show the atomic arrangements for of these phases. Further detail regarding the structural models employed in the calculations are given in the supplemental materials.
The DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) [24, 25] with the Perdew-Burke-Ernzerhof (PBE) spin density approximation [26, 27] in the generalized gradient (σGGA) scheme. An on-site Coulomb parameter U=8 eV was applied to account for the increased Coulomb repulsion between the Fe 3d states. [28] The value of the U parameter was chosen using a procedure described in detail below in order to match results of the GGA+U approximation with a more computationally expensive Heyd-Scuseria-Ernzerhof (HSE) functional.
Magnetic moments on Fe atoms in all calculations were arranged in a G-type antiferromagnetic configuration. The projector-augmented plane-wave method, [29, 30] using GGA-PBE energies modeled the core-valence electron interactions with pseudovalences of 6s Forces on individual ions were relaxed to less than 1 meV/Å and the stress tensor components ij (with indices i and j corresponding to x,y,z) on the simulation cell were relaxed to less than 0.1 kbar. The R phase was simulated using a primitive cell containing 30 atoms (six f.u.) while the T, T-like, and R-like phases were simulated using 2  2  2 supercells of the pseudocubic unit cell containing 20 atoms (four f.u.). This large supercell containing four formula units of BiFeO3 for the T, T-like, and R-like phases was required to accommodate the G-type antiferromagnetic configuration. Elastic boundary conditions arising from epitaxy were simulated by fixing the value of in-plane pseudo-cubic lattice constant a and relaxing the out-of-plane lattice constant c.
For the monoclinic phases, the values of c and the monoclinic angle  were relaxed simultaneously.
The value of U in the GGA+U calculations used for all polymorphs described here was optimized to reproduce simultaneously the band gap (2.779 eV) and the local Fe magnetic moment (4.456 B) of the R structure obtained using the HSE screened hybrid functional (3.243 eV and 4.119 B). [31, 32] We note that this value of U differs significantly from other investigations. [33, 34] The calculations using the HSE functionals agree with previously published values of band gap (3.4 eV) and local magnetic moment (4.1 B). [35] Fitting U to these HSE quantities should mimic the more exact description of exchange contained in HSE without introducing spurious effects potentially created by reproducing experimental data. Due to the computational expense of the HSE calculation, a reduced MP mesh of 6  6  3 centered at Γ and a plane wave basis cutoff energy of 700 eV were used. For comparison, conducting the σGGA-type calculations with the same Brillouin zone sampling and energy cutoff resulted in a 6% contraction of the volume, a 35% reduction in the band gap and a 2% diminishing of the magnetic moment.
The DFT calculations were first used to estimate the ranges of energetic stability for each these competing phases under various epitaxial strains. The c/a ratio of the R-like phase is always less than that of the T-like phase at equal value of a. The lower c/a ratio in the former may result from the stress relaxation achieved through oxygen cage rotations. All of these phases are stable under compressive strain of magnitude i, which is calculated with respect to the pseudo-cubic lattice parameter of the R phase. Figure 4 (a) plots changes in total energy E per f.u. (with the energy of the R structure taken as zero) with respect to varying pseudo-cubic in-plane lattice constant a. Under all experimentally achievable values of epitaxial strain, the T-like phase is energetically more favorable than the T phase, in agreement with previous calculations.
[ 22] The Rlike phase is energetically preferable over T-like phase at compressive strains i less than 3%. The R-like phase with i=0 has c/a=1 and is therefore equivalent to the R phase. Increasing i to 3% The elastic influence of an out-of-plane electric field was approximated by elongating or compressing the pseudo-cubic unit cell in this direction and allowing all the ionic forces to relax to small values. We have not included electric field explicitly in the calculations because the static U parameter in tandem with the enhanced electron gas correlation of GGA-PBE needed to open the DFT band gap for BiFeO3 would be unable to describe the changes in electron correlation that an applied electric field would effect. Instead, we rely on the more well-defined ground state inside the GGA+U approximation at varying cell compressions or elongations. Fig.   4(b) shows the variation of the total energy E with respect to the value of c for the competing monoclinic phases. The minimum of each curve lies at the optimized value of c for that phase under the common epitaxial condition a = 3.881 Å.
Phase Transformation Dynamics
A close examination of the DFT results in Fig. 4 Fig. 4(a) . Piezoelectric expansion in an applied field raises the free energy of both phases, as can be seen in Fig. 4(b) by moving towards larger c along each free energy curve. Note, however, that the curvature of the free energy of the R-like phase as a function of c is much higher, so that for any equal fractional expansion of the c axis lattice parameters of the two phases, the free energy of the piezoelectrically expanded R-like phase is greater than the expanded T-like phase. We thus expect the transformation from R-like to T-like structures to occur, at least partially, at arbitrarily small values of the applied electric field. The extent of the transformation at each expansion is likely limited by longer-range elastic effects involving the interface between phases, an effect not included in these single-phase DFT calculations. Based on the computational results, we can expect the transformation to become increasingly more favorable at higher applied fields in terms of lowering the free energy. We can also expect that near the boundary between phases, as in the present case, small applied fields will be sufficient to transform some fraction of the material.
In order to investigate the transformation in small applied electric fields experimentally, we now turn from the steady structural state study reported in Figs. 2 and 3 to the dynamics of the phase transformation. In order to probe these dynamics, a series of voltage pulses with duration 500 ns and amplitudes from 4 V to 12 V were applied to the top electrode with a repetition rate of 19 kHz. Diffraction patterns were acquired at a series of delay times following each pulse, and assembled over the course of many pulses to provide sufficient integrated intensity for analysis. Several conclusions can be drawn from the observation of both transient reversible change of phases and long-term quasi-stable transformation between phases. First, the existence of the quasi-stable transformation by individual pulses (e.g. as exhibited in Figs. 2 and 3) suggests that the local energy landscape is complex and that hysteresis effects can allow either state to have the minimum energy configuration. The BFO thin film can, under the influence of the applied field, be driven away from the free energy minimum and can transform during the field into the phase favored by the free-energy calculation shown in Fig. 4 . The rapid reversibility of the transient transformation following the removal of the applied electric field shows that there is a minimal barrier for the transformation. The reproducibility over large number of cycles suggests that there is minimal energy dissipation during the transient component of the transformation. Finally, we note that it is likely that at least some of the processes resulting in the quasi-steady-state changes apparent in Figs. 2 and 3 are can in principle be accompanied by relaxation events that occur at times longer than the time required for the experimental study and that there are possible partial relaxation phenomena occurring even at times of hours or longer following the transformation.
Conclusion
Taken together, the steady-state and dynamical methods suggest a physical picture in which applied electric fields rapidly transform BFO between the R-like and T-like phases. The rate of this transformation is sufficiently fast that large fractions of the thin film can be transformed within less than 100 ns, and the rate is likely limited by electrical design in this experiment rather than by a fundamental time dependence of the transition. After the pulses, steady-state measurements show that some fraction of the volume of BFO is stable in the transformed state A large compressive stress is necessary to place BFO sufficiently close to the phase boundary to yield the transformation in experimentally realizable fields. BFO grown on substrates providing smaller compressive stress suffers dielectric breakdown before the phase transformation is observed. [16] We note, however, that adjusting the composition of BFO to place it near the phase boundary has recently become possible and that this approach may present similarly favorable transformation dynamics in a more widely applicable form. [36, 37] Supporting Information Supporting Information is available from the Wiley Online Library or from the author. 
Piezoelectricity of T-like Phase
The piezoelectricity of the T-like phase of BFO was probed using square-wave voltage pulses with amplitudes ranging from 4 V to 12 V. A rocking curve scan of the Bragg angle  was acquired for each magnitude of the voltage. The piezoelectric expansion  was determined from the angular peak shift  induced by the electric field using =cot() , as shown in Figure S1 . The piezoelectric coefficient d33 was estimated from the structural data by using the nominal BFO film thickness of 70 nm to determine the electric field E and fitting the data with =d33 E. The best fit of this piezoelectric model is shown as the solid line in Figure S1 , which gives d33=9.3 pm/V. We note that there was significant leakage current during the voltage pulses and that there is thus a significant uncertainty in the voltage drop across the BFO thin film capacitors. The value of d33 determined from Figure S1 is thus a lower limit for the actual piezoelectric coefficient. Based on the measured leakage currents and bottom electrode resistance, up to 50% of the applied voltage can fall across the bottom electrode rather than across the thin-film capacitor sample. 
Structural Models for R-like and T-like Phases, Phase Notation
differences between the structures of the two phases are the ratio of lattice parameters along the in-plane and out-of plate directions, labeled a and c in Fig. S2(a) , and the rotation of the oxygen octahedra. A summary of the notation used to label structural phases of compressively strained BFO in this work and several recent reports is given in Table S1 . Table S2 reports DFT values calculated for three symmetries of BiFeO3 comparing three separate approximations on the exchange-correlation functional. 
Phase Transition Dynamics
The intensities x-ray reflections from the R-like phases decreases during voltage pulses due to the transformation of parts of the BFO thin film from the R-like phase to the T-like phase. The transient response during a voltage pulse with a magnitude of 12 V and duration 500 ns is shown in Figure S3 . The transformation begins at the start of the pulse at 0 ns, reaches a steady state after approximately 100 ns, and subsequently relaxes following the end of the pulse at 500 ns. Figure S3 shows the intensity variation for the x-ray reflections terms R-like (left) in the text, for which the variation in intensity is larger than the R-like (right)
reflections. 
